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One-dimensional SnO,-TiO, composites were prepared via emulsion electrospinning process. The obtained samples
were characterized by a series of devices. The results showed that the porous core-shell SnO,-TiO, photocatalyst
exhibited enhanced photocatalytic activity on the degradation of methyl orange (MO). It should be ascribed to the
novel structure, which could separate the electrons and holes effectively.

Background

Nanophotocatalysis has been widely used as a useful
technique in environmental cleaning [1]. The morph-
ology of the nanosized materials would be the key factor
for their photocatalytic activity. It is reported that one-
dimensional nanomaterials have drawn particular atten-
tion because they can provide very high surface area and
enhanced electron diffusion [2,3]. As well known, elec-
trospinning was a simple and straightforward method to
produce fiber structures with one-dimensional material,
and it has attracted extensive attention in the past two
decades [4]. As an improved special technology, emul-
sion electrospinning was proposed to be an efficient way
to prepare heterostructure materials [5,6].

Herein, we try to design the SnO,-TiO, heterostructure
with different structures by an emulsion electrospinning
process, and we also want to investigate the photocatalytic
properties with different structures. The formation mech-
anisms of the core-shell structure composite are illus-
trated in Figure 1. As shown, once the fibers were spun
out from the coaxial nozzle, the core-shell structure was
directly formed. The oil would be the key factor to obtain
a nanofiber (NF) or porous nanotube (NT) structure.
These two structures were also different from the directly
mixed nanofibers [7]. What is the difference in their
photocatalytic properties? Thus, it would be interesting to
compare these different-structured SnO,-TiO, composites.
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Methods

Reagents

All chemicals were of analytical grade and were used
without further purification. Polyvinylpyrrolidone (PVP,
1,300,000), tetrabutyl titanate (C16H3604T1i, 99.8%), stan-
nous chloride (SnCl,-2H,O, reagent grade, >98.5%),
N,N-dimethylformamide (DME, =298%), acetylacetone
(CsHgO,, 299%), ethanol (reagent grade, 99.5%), and
mineral oil (SF 15 W-45, Sinopec, Beijing, China) were
used. Distilled (DI) water was used as the solvent in this
study.

Synthesis of different-structured SnO,-TiO, composites
At first, 6.03 g tetrabutyl titanate, 2.4 g DMEF, 4 g alco-
hol, 0.8 g PVP, and 3 g mineral oil were added in turn
and stirred for 4 h; 0.8 g SnCl, - 2H,O (keep the mole ra-
tio of Sn:Ti=1:5), 4.4 g DMF, 4.4 g ethyl alcohol, 0.8 g
PVP, and 0.3 g acetylacetone were added in turn in an-
other beaker and stirred for 4 h. The electrospinning
process was performed as reported [6]. The obtained fi-
bers were maintained at 600°C for 2 h at a heat rate of
5°C/min. Additionally, the first solution was not added
with any mineral oil; a couple of solutions were also fab-
ricated by a directly mixed process.

Instruments

The morphologies of different samples were observed
by field emission scanning electron microscope (FESEM;
S-4800, Hitachi, Chiyoda, Tokyo, Japan) and transmission
electron microscopy (TEM). The crystal phase of the
obtained materials was determined by powder X-ray
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Figure 1 lllustration of the preparation of SnO,-TiO, core-shell structure nanocomposite processes.

diffraction (XRD; Rigaku D/MAX-2400 X-ray diffract-
ometer (Rigaku, Tokyo, Japan) with Ni-filtered Cu Ka
radiation). Infrared spectra were recorded using a Bru-
ker VERTEX 70 FTIR spectrometer (Bruker Corpor-
ation, Billerica, MA, USA). The thermogravimetric
(TG) analysis and differential thermal analysis (DTA)
were performed with a PerkinElmer Diamond TG/
DTA apparatus (PerkinElmer Inc., Waltham, MA,
USA). TG and DTA were carried out simultaneously at
a heating rate of 10°C/min in a flowing nitrogen atmos-
phere. UV-visible (UV-vis) diffuse reflectance spectra
were recorded on a Shimadzu UV-3900 spectropho-
tometer (Shimadzu Co. Ltd., Beijing, China) with an
integrating sphere, and BaSO, was used as the refer-
ence. The photoelectric performance was measured
using an electrochemical system (CHI-660B, Chenhua
Instruments, Shanghai, China). A standard three-
electrode cell with a working electrode (as-prepared
photocatalyst), a platinum wire counter electrode, and
a standard calomel electrode (SCE) as the reference
electrode were used in photoelectric studies. In
addition, 0.1 M Na,SO, was used as the electrolyte so-
lution. The potentials are given with reference to the
SCE. The photoresponse of the photocatalysts in the
presence and absence of UV light was measured at
0.0 V. Electrochemical impedance spectra (EIS) were
recorded in the open-circuit potential mode.

Catalyst activity measurement

The liquid-phase photodegradation of methyl orange
(MO) was carried out in a quartz tube under the irradi-
ation of UV light. In a typical process for degradation of
MO under the UV irradiation, 200 mg of catalyst was

suspended in 500 mL of 20 ppm dye solution. Before ir-
radiation, the suspensions were stirred in the dark for
30 min to ensure the establishment of adsorption-
desorption equilibrium. The quartz tube was exposed to
the UV irradiation produced by a 500-W Xe arc lamp
equipped with a band-pass light filter (400 nm). The so-
lution was analyzed on a Varian UV-vis spectrophotom-
eter (Cary-50, Varian Co., Palo Alto, CA, USA). The
percentage of degradation is reported as C/C,. Here, C is
the absorption of dye solution at each irradiated time
interval of the main peak of the adsorption spectrum,
while C, is the absorption of the initial concentration
when the adsorption-desorption equilibrium is reached.

Results and discussion
The SEM and TEM images of the as-prepared samples
are listed in Figure 2. As shown, the three morphologies
were successfully obtained by the electrospinning process,
and all the samples present a uniform one-dimensional
structure with diameter at 400 ~ 600 nm. The tubular
structure can be clearly seen in the insert of Figure 2a; ob-
vious holes and phase interface can be found in Figure 2b.
Figure 2c,d shows the core-shell structure nanofibers; the
boundaries (marked in the line) between two phases of
SnO, and TiO, could be directly observed. For mixed
nanofibers (Mix-NF) sample (Figure 2f), no characteristic
boundaries can be found, and the surface of the nanofiber
was covered by many large grains, which should be the
different growth processes of the two oxides during the
annealing process.

Figure 3a shows the XRD patterns of series SnO,-TiO,
composites. All the peaks can be identified to TiO, (ana-
tase: JCPDS #71-1166, rutile: JCPDS #73-1232) and SnO,
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Figure 2 SEM and TEM images of different-structured SnO,-TiO, composites. SEM image of (a) core-shell porous nanotube, (c) core-shell nanofibers,
and (e) mixed nanofibers. TEM images of (b) core-shell porous nanotube, (d) core-shell nanofibers, and (f) mixed nanofibers.

B4

(JCPDS #77-0451) phases. The peaks at 25.3° and 48.1° for
the anatase phase TiO, decrease significantly with the
change of the structure from NTs to Mix-NFs. It means
that the mineral oil would restrict the transformation of
anatase to rutile phase [8]. Additionally, the peaks at 33.9°
and 51.8° ascribed to SnO, will increase with the structure
change of the structure from NTs to Mix-NFs, indicating
that the mineral oil may restrict the movement of Sn** to
the surface.

Figure 3b shows the TG-DTG curves of the as-spun
composites. A small weight loss (15%) at low temperature
is observed due to the release of DMF and alcohol. A large
weight loss (40% ~ 80%) at the range of 300°C to 470°C
can be attributed to the decomposition of organic species
such as PVP. Above 470°C, there was little weight loss,
indicating the decomposition of the last organic species
and the transformation of anatase TiO, to rutile phase
[9]. The DTG curve in the insert corresponds to the TG
results.

The FTIR spectra of the different structures of SnO,-
TiO, are presented in Figure 3c. As shown, a broad band
at 700 and 400 cm ™ was assigned to Sn-O and Sn-O-Sn
stretching vibrations, respectively [10]. Obviously, the
width of Sn-O-Sn band changed with different structures.
Such results may be attributed to the improvement in

crystallinity, resulting from the removal of residual organic
impurities [11]. It also can be seen that there was a band
at 1,000 to 940 cm™* in the nanotubes, and this band
should be assigned to Ti-O-Ti stretching vibrations from
anatase phase. However, this band did not exist in the
other two nanofibers, which was consistent to the XRD
results.

The UV-visible diffuse reflectance spectra at the wave-
length range of 200 to 700 nm for the SnO,-TiO, prod-
ucts are shown in Figure 3d. The absorption edges
around 411 nm for these three different-structured sam-
ples could be observed, and these did not shift with the
structure change, indicating that the different structures
would not affect the band gap variation under the same
Sn/Ti ratio.

The photocatalytic activities of SnO,-TiO, composites
are shown in Figure 4a. Distinctly, the SnO,-TiO, NT
sample exhibited a much higher photocatalytic activity
than the other two, which degraded 91% MO in 100 min
while the other two samples were only 75% and 63%.
The degradation efficiency was 0.0455, 0.0375, and
0.0315 mg/min, respectively. Actually, since the surface
area of these three samples was 37.2554, 34.9239, and
43.1997 m?/g, the degradation efficiency of the unit area
can be concluded as 1.22x1072, 1.073x107% and
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(d) UV-vis diffuse reflectance spectra.
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Figure 3 XRD, TG-DTG, FTIR, and UV-vis of different-structured SnO,-TiO, composites. (a) XRD patterns, (b) TG-DTG curves, (c) FTIR spectra, and

0.729 x 10~ mg/min/m?, respectively (insert in Figure 4a).
Obviously, the NT showed more effective photocatalytic
activity of the unit area than the NF and Mix samples.

For a further investigation, some characteristic methods
were used. It is well known that one-dimensional struc-
ture would form plenty of space-charge regions, which
would provide an additional energetic barrier to recom-
bination [12]. In addition, the charge transfer rate in TiO,
is about 0.1 to 1 cm?® V™" s7%, which is much lower than
that in SnO, (100 to 200 cm? V! s71) [13]. Thus, due to
the core-shell structure, the excited electrons would effi-
ciently separate with the inner SnO, phase and not re-
combine with the TiO, phase. This was confirmed by the
photocurrent response of serious samples as shown in Fig-
ure 4b. As well known, the photocurrent originated from
the diffusion of the photogenerated electrons to the back
contact. It clearly showed that the photocurrent response
of these three samples was NT > NFs > Mix, indicating
a more efficient separation and longer lifetimes of
electron-hole pairs in Sn-Ti NT than NF and Mix

samples. Furthermore, the EIS result also proves this
efficient electron-hole separation process. It can be
seen that the impedance arc radius of Sn-Ti nanotube
is smaller than that of the NF and Mix samples under
Xe lamp irradiation, which demonstrated an efficient
electron-hole pair separation in Sn-Ti nanotube.

Thus, a proposed mechanism of the SnO,-TiO, com-
posite is shown schematically in Figure 4d. The band
gap of anatase TiO, and rutile SnO, is 3.2 and 3.5 eV, re-
spectively. The CB potential (Ecg) of anatase TiO, is
-0.25 eV and rutile is —0.05 eV [14], while the CB poten-
tial of SnO, is -0.01 eV. Due to the potential difference
and different structures, we proposed two possible ways
of electron transfer in these SnO,-TiO, composites. For
the mixed nanofibers, only SnO, and rutile-phase TiO,
exist; thus, the electron transfer from the conduction
band of rutile-phase TiO, to SnO, is shown as path 1 in
Figure 4d. For the nanotubes, there should be mixed
phase of TiO, and SnO, (as shown in Figure 3a); thus,
the electrons would firstly transfer from rutile TiO, to
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Figure 4 Photoelectrochemical properties and reaction mechanism of different-structured SnO,-TiO, composites. (a) The liquid-phase photodegradation
of MO under UV light irradiation of different samples; the insert shows the degradation efficiency of the unit area. (b) Transient photocurrent responses of
different samples under Xe lamp irradiation. (c) Electrochemical impedance spectroscopy (EIS) Nyquist plot of NT, NF, and Mix samples, respectively. (d) A
proposed schematic illustration showing the reaction mechanism for photocatalytic degradation of organic pollutants under UV light irradiation.

anatase TiO,. Subsequently, these electrons would trans-
fer to anatase SnO,, and this multistep transfer should
be more efficient than path 2. As depicted in our previ-
ous work, rutile crystallites in the mixed-phase TiO,
nanotubes would increase electron transfer from rutile
to lower energy anatase lattice trapping sites, leading to
a more stable charge separation [15]. This means that
there would be more efficient charge separation in nano-
tubes than the mixed nanofibers, which well agrees with
the transient photocurrent response and EIS results be-
fore. Therefore, the sample with few contents of anatase
TiO,-enhanced photocatalytic activity of core-shell nano-
fibers can be understood.

Conclusions

In summary, different structures of SnO,-TiO, compos-
ite material were successfully fabricated via emulsion
electrospinning technology. The results showed that this
core-shell porous nanotube structure would enhance the

photocatalytic degradation rate of MO, which can de-
grade 91% MO in 100 min higher than 75% and 63% for
the other two samples. The photocurrent response and
EIS results demonstrated that a much more efficient
separation and longer lifetimes of electron-hole pairs
existed in Sn-Ti nanotube, which should be responsible
for the increased photocatalytic activities. This method
could be extended to fabricate other composite materials.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

YC designed the experiment and wrote the paper. JC and LT completed the
synthesis of different-structured SnO,-TiO, nanocomposites. LH and MT carried
out the series characterization of the nanocomposites. BL did the analysis of the
data. ST made some revisions of the grammar of the manuscript. All authors
read and approved the final manuscript.

Acknowledgements
This study was supported by the Chongging Natural Science Foundation
(cstc2013jcyjA20023), the Scientific and Technological Research Program of



Chen et al. Nanoscale Research Letters (2015) 10:200

Chongging Municipal Education Commission (KJ1401111), the Yongchuan
Natural Science Foundation (Ycstc2014nc3001), and the Foundation of
Chongqing University of Arts and Sciences (22013CJ01, M2014 MEO1, and
R2013CJ05).

Author details

'School of Material Science and Engineering, Chongging University of
Technology, 69 Hongguang Street, Banan, Chongging 400054, China.
“Research Institute for New Materials Technology, Chongging University of
Arts and Sciences, 319 Honghe Street, Yongchuan, Chongging 402160,
China. *Carbon Neutral Energy Solutions Lab, Georgia Institute of
Technology, 495 Tech Way NW, Atlanta, GA 30318, USA.

Received: 5 February 2015 Accepted: 15 April 2015
Published online: 28 April 2015

References

1. Yang C Fan H, Xi Y, Chen J, Li Z. Effects of depositing temperatures on
structure and optical properties of TiO, film deposited by ion beam assisted
electron beam evaporation. Appl Surf Sci. 2008;254:2685-9.

2. Dong B, Li Z Li Z Xu X, Song M, Zheng W, et al. Highly efficient LaCoOs
nanofibers catalysts for photocatalytic degradation of rhodamine B. Am
Ceram Soc. 2010;93:3587-90.

3. Lin D, Wu H, Zhang R, Pan W. Enhanced photocatalysis of electrospun
Ag-ZnO heterostructured nanofibers. Chem Mater. 2009;21:3479-84.

4. Teo WE, Ramakrishna S. Design and evaluation of basic standard encryption
algorithm modules using nanosized complementary metal-oxide—
semiconductor-molecular circuits. Nanotechnology. 2006;17:89.

5. Zhang X, Thavasi V, Mhaisalkar SG, Ramakrishn S. Novel hollow mesoporous
1D TiO, nanofibers as photovoltaic and photocatalytic materials. Nanoscale.
2012;4:1707-16.

6. Gulfam M, Jong ML, Ji-eun K, Dong WL, Lee E, Bong GC. Highly porous
core-shell polymeric fiber network. Langmuir. 2011;27:10993-9.

7. Liu BT, Peng LL. Facile formation of mixed phase porous TiO, nanotubes
and enhanced visible-light photocatalytic activity. J Alloys Compd.
2013;571:145-52.

8. DeBenedetti B, Vallauri D, Deorsola FA, Garcia MM. Synthesis of TiO,
nanospheres through microemulsion reactive precipitation. Electroceram J.
2006;17:37-40.

9. Zeng J, Li R, Liu SL, Zhang LN. Fiber-like TiO, nanomaterials with different
crystallinity phases fabricated via a green pathway. ACS Appl Mater Interfaces.
2011;3:2074-79.

10. Senthilkumar V, Vickraman P, Ravikumar RJ. Synthesis of fluorine doped tin
oxide nanoparticles by sol-gel technique and their characterization. Sol-gel.
Sci Technol. 2010,53:316-21.

11. Xiong HM, Zhao KK, Zhao X, Wang YW, Chen JS. Elucidating the
conductivity enhancement effect of nano-sized SnO fillers in the hybrid
polymer electrolyte PEO-SnO,-LiClO,. Solid State lon. 2003;159:89-95.

12. Hiroaki T, Akihiko H, Yoshifumi T, Kiyohisa I, Noboru T, Seishiro I. A
patterned-TiO,/SnO, bilayer type photocatalyst. J Phys Chem B. 2000;19:104.

13. Wang JW, Wang X, Peng Q, Li YD. Synthesis and characterization of bismuth
single-crystalline nanowires and nanospheres. Inorg Chem. 2004;43:7552.

14. Maruska HP, Ghosh AK. Photocatalytic decomposition of water at
semiconductor electrodes. Sol Energy. 1978,20:443.

15. Penn RL, Banfield JF. Formation of rutile nuclei at anatase {112} twin
interfaces and the phase transformation in nanocrystal line titania. Am
Mineral. 1999;84:871-6.

Page 6 of 6

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Reagents
	Synthesis of different-structured SnO2-TiO2 composites
	Instruments
	Catalyst activity measurement

	Results and discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

